r Changes in gene expression that occur within hours of exposure to hypoxia in in vivo skeletal muscles remain unexplored.
Introduction
Hypoxia induces a variety of stresses in physiological systems and is thought to be a common contributor to many pathologies (Semenza, 2012) . Many well-known physiological changes occur during and shortly after acute hypoxia (Baum et al. 1979) . The molecular mechanisms of acute hypoxia responses have been widely studied (Wheaton & Chandel, 2011; Slot et al. 2015) . Signalling pathways including the HIF, PI3K-Akt, mTOR, and MAPK pathways had been identified as early mediators of hypoxic responses in various cell types (Alvarez-Tejado et al. 2001; Sofer et al. 2005) .
Although there have also been many studies profiling changes in gene expression in vivo due to hypoxia (Kim et al. 2004 (Kim et al. , 2010 Lee et al. 2004; Dolt et al. 2007; Mosqueira et al. 2012; Grigoryev et al. 2013; Wollen et al. 2013; Rullman et al. 2016) , the majority have imposed days or weeks of exposure to hypoxia (see Table S1 in Supporting information for a complete list). To date, there have been no systematic studies of changes in gene expression in the early stages (<6 h) of hypoxia in vivo. Furthermore, most previous studies were conducted in hypoxia-sensitive tissues such as the brain or kidney; the only studies of transcriptomic responses to hypoxia in hypoxia-tolerant skeletal muscle have applied days or weeks of exposure to altitude or ischaemia-like conditions Rullman et al. 2016) . Thus, to explore early changes on gene expression and potential short-term regulatory mechanisms during hypoxia in hypoxia-tolerant tissue, we investigated skeletal muscles exposed to 8% O 2 for 2 and 6 h.
Our findings revealed widespread transcriptomic changes in skeletal muscle following just 2 h of acute hypoxia and continued significant transcriptional regulation over the subsequent 4 h despite absence of physiological changes during this period. Systems analysis of the transcriptome along with experimental measurements revealed mechanisms for these rapid transcriptional responses involving PI3K-Akt regulation of mRNA degradation. Methodologically, this study also suggests that gene expression profiles could be a potential way to uncover new roles for signalling pathways known to respond to acute hypoxia.
Methods

Ethical approval
The animal use protocol (no. S02143M) was approved by the University of California San Diego Institutional Animal Care and Use Committee, and studies were performed in accordance with NIH guidelines. All investigators understand the ethical principles under which The Journal of Physiology operates and have ensured this work complies with the journal's animal ethics checklist.
Animals
Male 3 month-old wild-type C57BL/6 mice weighing 25-30 g were purchased from Charles River and housed in an animal room with a standard diet and adapted to the environment for at least 24 h before the experiments. Totally 154 mice were used for the entirety of the study.
Hypoxic exposure and tissue collection
In this study, we used four different O 2 exposures: control (normoxia, 21% O 2 ), fifteen minutes (15 mins), two hours (2 hours) and six hours (6 hours) of exposure to normobaric 8% O 2 . Briefly, each group had 6 mice, which were kept in individual tubes with free access to water. The food supply was stopped 15 min before 9:00 on the experimental day. The hypoxic and control mice were exposed to normoxia or hypoxia as scheduled in Fig. 1 . In order to minimize the potential negative effects on other mice, the tube with the mouse for killing was always moved to a separate room at the end of exposure. Mice were then rapidly killed by cervical dislocation, to minimize metabolic disturbances (Gan et al. 2016) . Plantaris muscles were selected and collected because they have adequate tissue mass and are relatively balanced in fast glycolytic fibres and slow oxidative fibres (Burkholder et al. 1994) .
The plantaris muscle for RNA extraction was dissected from one hindlimb and stored in RNAlater solution (AM7020 ThermoFisher Scientific, Walthan, MA, USA) at 4°C before further processing. In order to minimize the potential effects of the dissection on phosphorylation and metabolic state for assays such as Western blot and immunoprecipitation, the contralateral hindlimb was flash frozen in liquid nitrogen, thawed and dissected on ice as previously described (Gan et al. 2016) . The dissected muscles were stored at −80°C before further processing.
Respiratory measurements
Mice used for respiratory measurements were anaesthetized with 1% isoflurane and telemetry thermometer probes (G2 Emitter, Respironics, Bend, OR, USA) were implanted in the abdomen to measure body temperature along with carotid arterial catheters to collect blood samples (Alonso et al. 2007) . Catheters were exteriorized via the back of the neck and heat-sealed for sampling arterial blood gases later. The animals were allowed to recover for 24 h after the surgery. The four experimental groups (6 mice per group) were control (normoxia), and 15 min, 2 h and 6 h of hypoxia. Mice were kept in individual tubes with free access to water. The food supply was removed 15 min before 9:00 on the experimental day. The first mouse in the 6 h hypoxia group was exposed to 8% O 2 starting at 9:00, followed by the other 5 mice at 5 min intervals. The first mouse in the 6 h hypoxia group was removed from the hypoxic tube covered with a mask filled with 8% O 2 at 15:00 and rapidly killed by cervical dislocation. Muscles were dissected rapidly within 5 min of removal from the tube, so that killing and tissue collection from successive mice in each group could be performed at 5 min intervals. Mice in the 2 h hypoxia group were exposed to 8% O 2 starting at 11:00, with killing and tissue collection beginning at 13:00. Mice in the 15 min hypoxia group were exposed to 8% O 2 starting at 14:00, with killing and tissue collection started at 14:15. Control mice were exposed to normoxia, until 13:30 when tissue collection was initiated at 5 min intervals for each mouse. Thus, every mouse had a well-controlled duration of hypoxic or normoxic and a comparable fasting duration. Normoxic exposure, white bars; hypoxic exposure, grey bars. Each vertical line indicates the time when a mouse was moved into a hypoxia tube. Each dotted line shows the time when a mouse was removed from hypoxia.
Ventilation was measured in unrestrained mice using a whole body barometric plethysmograph modified for continuous flow (Szewczak & Powell, 2003; Pamenter et al. 2014) . Briefly, mice were weighed and then sealed into the plethysmograph and the control measurements were made after mice had acclimated for 30 min, followed by exposure to hypoxia (8% O 2 for 2 to 6 h).
Hypoxia was administered to mice in a plethysmograph in sealed, black PVC tubes (5 cm diameter, 500 ml volume), ventilated at 335 ml min −1 delivered by a rotameter (603, Matheson, Montgomeryville, PA, USA) and measured with a flow meter (FoxBox, Sables System International, Las Vegas, NV, USA). Gas exited the chamber via a vacuum pump (Model 25, Precision Scientific Co, Chicago, IL, USA) through a needle valve adjusted to maintain a slightly positive (2-5 mmH 2 O) pressure in the chamber relative to atmosphere. The chamber also had a constant leak (20 gauge needle) to prevent baseline pressure changes due to changes in temperature. This arrangement creates a high input and output impedance so pressure changes from the warming and humidification of inhaled gases can be measured during constant flow. Pressure changes (MP45 with 2 cm H 2 O diaphragm, Validyne, Northridge, CA, USA), temperature (Thermalert TH5, Physitemp, Clifton, NJ, USA), and humidity were measured in the chamber and recorded with an analog-digital acquisition system (PowerLab 8SP, AD Instruments, Bella Vista, Australia) for analysis with the LabChart 8-Pro Software, sampling at a rate of 1 KHz. We analysed three episodes of 30 s each in a region of interest. Breathing frequency (f R , breaths min −1 ) and tidal volume (V T , ml) were calculated from cyclic peaks in the plethysmograph pressure pulses using 0.02 ml calibration pulses using equations developed by Drorbaugh and Fenn (Drorbaugh & Fenn, 1955) .V O 2 andV CO 2 were calculated by measuring gas flow rate into the plethysmograph, and O 2 and CO 2 fractions (FoxBox, Sables System International) were measured with the same recording system. We used equations that correct for water vapour and respiratory quotient (Lighton, 2008) . Incurrent gases were dry from tanks and water vapour was scrubbed from excurrent gas before analysis with the O 2 /CO 2 analysers.
Blood gas and metabolite measurements
Arterial blood samples (65 μl) were drawn from the catheter into a syringe and analysed for P O 2 , P CO 2 , pH, lactate and glucose (GEM Premier 4000, Instrumentation Laboratory, Lexington, MA, USA). Arterial blood gases and pH were corrected for temperature and data were excluded if pH was ࣘ7.30 in normoxia. Samples were taken during normoxia or hypoxia, and only two samples were taken from any single mouse to avoid excessive loss of blood; therefore, different individual mice contributed to the time point averages during hypoxia. Lactate levels 
in skeletal muscles were measured as previously described (Gan et al. 2016 ).
Immunoprecipitation and Western blot analysis
Plantaris muscles were homogenized with a dry-ice cooled tissue pulverizer in cell isolation buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% Triton-X 100, 1 mM phenylmethylsulfonyl, 1× Halt Protease & Phosphatase Inhibitor Cocktail and ultra-pure water). Cell lysates were firstly vortexed for 15 s at the maximum speed 3 times and rocked on ice for 30 min, then centrifuged at 13,000 g for 30 min at 4°C. The protein concentration in supernatant was determined by BCA assay (no. 23235, ThermoFisher Scientific). The immunoprecipitation (IP) experiments were carried out following the recommended protocol with Pierce Protein A/G Magnetic Beads (no. 88802, ThermoFisher Scientific). For each sample, 25 μl of bead slurry and 7.5 μg of BRF1 antibody were applied. A positive control (no. 9203S, Cell Signalling, Danvers, MA, USA) was applied with each IP gel for the size determination of BRF1 band. IP products and positive controls were run on Bolt 4-12% Bis-Tris Plus gels (NW04120BOX, Life Technologies, Carlsbad, CA, USA) in a Bolt Mini Gel Tank (A25977, Life Technologies) for 35 min at 200 V, 160 mA using a Life Technologies PowerEase 500 power supply. The gels were stained with ProQ Diamond followed by Sypro Ruby (P33301, Life Technologies). The gel imaging was performed on a FluorChem M (Cell Biosciences, Santa Clara, CA, USA) and analysed using ImageJ. Values are reported as the ratio of phospho-protein normalized to total protein.
Western blot measurements were run following a standard protocol. The following antibodies from Cell Signalling were used in this study at a 1:1000 dilution: Akt (no. 4691), phospho-Akt (Ser473) (no. 9271), AMPK (no. 2532), phospho-AMPK(Thr172) (no. 2531), ERK1/2 (no. 4695), phospho-ERK1/2 (Thr202/Tyr204) (no. 4370), p38 (no. 9212), phospho-p38 (Thr180/Tyr182) (no. 9211), JNK (no. 9252), phospho-SAPK/JNK (Thr183/Tyr185) (no. 9251), and B-Tubulin (no. 2146). BRF1 (TFIIIB90) was run at 1:500 (PA5-36344, Thermo Scientific). All antibodies are reactive to mouse as stated by the manufacturer's websites.
RNA extraction, RT-PCR, and RNA-seq
Plantaris muscles were homogenized using a Kontes Duall 20 tissue grinder (no. 885451-0020, ThermoFisher Scientific) in an ice bath. RNA was extracted using Qiagen RNeasy Fibrous Tissue Mini Kit (no. 74704 Qiagen, Valencia, CA, USA) following the manufacturer's guideline. MicroRNA was extracted using Qiagen miRNeasy Mini Kit (no. 217004, Qiagen). The concentration and the ratio of A260 and A280 of extracted RNA were measured using a NanoPhotometer (P300 Implen, Westlake Village, CA, USA). The integrity of extracted RNA was evaluated by Bio-Rad Experion Bioanalyser (Bio-Rad, Hercules, CA, USA). All RNA samples showed a RIN score in the range of 9.5-10.0 and an A260/A280 ratio around 2.0-2.1. Libraries of extracted RNAs were built using the Illumina TruSeq RNA sample preparation kit (RS-122-2001 
Pre-processing of RNA-seq data
The quality of RNA-seq data was evaluated by FastQC (Babraham Institute, Cambridgeshire, UK) and the FASTX-Toolkit (Hannon Lab, Cold Spring Harbor, NY, USA), which showed an average quality score of all samples in the range of 33-40. The inner distance between reads was estimated by an open-source script, getinsertsize.py, and SAMtools. The RNA-seq data was then aligned using TopHat2 and Bowtie2 with UCSC.mm9 as the reference genome (Kim et al. 2013) . About 60% reads were accepted as transcriptome reads, among which ß99% were uniquely mapped. The accepted reads were then assembled and normalized by BEDTools (Quinlan & Hall, 2010) and AltAnalyze (Salomonis et al. 2009; Emig et al. 2010) . Genes with an insufficient copy number were excluded from further statistical analyses. Raw RNA-seq data and metadata were deposited as MIAME-compliant files in the NIH National Centre for Biotechnology Information GEO database for functional genomics (GEO accession number GSE81286).
Analyses for differential expression, splicing and functional annotation clustering
The 'Lineage Profiler' program in AltAnalyze was used to determine the tissue type represented in the RNA samples. The splicing alternative was determined in AltAnalyze where the splicing-index method was applied. Differentially expressed genes were determined using a one-way ANOVA analysis with P < 0.01 after gene expression was normalized using RPKM in AltAnalyze. All identified genes across all groups (combined) were analysed for clustering using the 'HOPACH' algorithm with their log 2 -fold changes relative to the mean. Hierarchical clustering was applied to all differentially expressed genes to identify sub-clusters that represent more detailed expression patterns. Functional annotation clustering analysis was performed using DAVID to identify gene enrichments in the sub-clusters (Huang da et al. 2007 (Huang da et al. , 2009 ). The distribution of resulting enriched cellular components was then visualized manually based on the hierarchical GO annotations provided by QuickGO (Binns et al. 2009 ). Prediction of potential microRNAs based on binding site analysis was conducted in GO-Elite with differentially expressed genes as the input (Kanehisa & Goto, 2000; Kanehisa et al. 2006; Zambon et al. 2012; Kanehisa, 2013) . The half-lives analysis of differentially expressed genes was based on Sharova's mouse mRNA half-life database (Sharova et al. 2009 ).
Pathway and pathway-based hub gene analysis and visualization
Enriched pathways were identified by mapping differentially expressed genes onto the KEGG Pathways database using a Fisher's exact test-based method, where P < 0.05 was considered to be statistically significant (Mehta et al. 1984; Evangelou et al. 2012) . To identify genes whose changes might regulate multiple pathways, we developed a 'hub gene analysis' method based on well-curated KEGG pathways (Kanehisa et al. 2006) . Hub genes were identified by evaluating the possibility of a specific gene appearing in multiple significantly regulated pathways using a Fisher's exact test. Two types of hub gene were identified. The first type works as a 'hub' in multiple pathways reflected by simultaneous changes of a number of genes in each pathway when the expression of the hub gene changes. The other type is a member of a functionally associated gene group whose members change simultaneously, since a pathway containing a differentially expressed gene group has a greater chance of being identified as significant. The hub gene analysis was applied to differentially expressed genes after 2 and 6 h of hypoxia. Hub genes common to both the 2 h and 6 h groups were defined as sustained hub genes. We developed a website to implement pathway-based hub gene analysis, which is available at http://raphga.ucsd.edu.
For a better visualization and understanding of signalling pathways of interest, we manually curated WikiPathways by integrating KEGG Pathways to visualize PI3K-Akt signalling pathway and MAPK signalling pathway. The differentially expressed genes were then mapped into the curated pathways to visualize the gene distribution using PathVisio. The curated Graphical Pathway Markup Language files are available as supplemental File S1 in Supporting information.
Enrichment analyses of gene targets for specific regulators
To evaluate the enrichment of genes targeted by a specific regulator, we applied enrichment analysis of gene targets compared with our differentially expressed genes using a Fisher's exact test. HIF, as a classic transcription factor for hypoxia, FoxO, as an important transcription factor for cell cycling and also a downstream target of PI3K-Akt, PI3K-Akt, as the key kinase in PI3K-Akt signalling pathway, and BRF1, as an ARE-binding protein regulated by PI3K-Akt, were analysed in this study. The gene targets affected by the phosphorylation of PI3K-Akt or the phosphorylation of BRF1 were obtained from the paper by Graham et al. (2010) . The gene targets regulated by FoxO were obtained from van der Vos's study (van der Vos & Coffer, 2011) . The gene targets of HIF were analysed based on the list by Benita et al. (2009) .
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Statistics
All data presented are means ± SD. Respiratory data were analysed by Student's paired two-tailed t test and considered significant if P < 0.05. Blood gas, RT-PCR, and Western blot data were analysed by Student's unpaired two-tailed t test and considered significant if P < 0.05. These statistical tests were performed using Excel or R. The sample sizes of each group are described in the Results section. Statistical analysis of RNA-seq data is described above.
Results
Respiration, blood gases and blood glucose responded rapidly and were relatively stable over 2-6 h of hypoxia Mice were exposed individually at room temperature to 8% O 2 for 2 or 6 h and monitored for both O 2 consumption (V O 2 ) and CO 2 production (V CO 2 ). After only 15 min of exposure to 8% O 2 , bothV O 2 andV CO 2 were reduced by ß60% and remained at this reduced level after 6 h ( Fig. 2A and B ). Mice were hyperventilating (Fig. 2C) , with theV I /V O 2 andV I /V CO 2 ratios both increasing 2-to 3-fold or more by 15 min and remaining elevated for 6 h ( Fig. 2D and E). P aO 2 and P aCO 2 were significantly reduced by ß70% and ß50%, respectively, in 15 min and remained at these reduced levels throughout the 6 h of hypoxia exposure (Table 2 ). Blood pH increased slightly and significantly from 7.46 to 7.61 after 15 min but returned to normoxic levels by 2 h. Though the base excess (BE) was variable, there was a significant decrease at 2 and 6 h of hypoxia. The body temperature of mice was reduced at 15 min and decreased further after 2 h exposure ( Table 2 ). Plasma metabolites changed rapidly after hypoxic exposure. Blood glucose increased by ß25% after 15 min of hypoxia, then decreased to ß70% of control by 2 h and remained low at 6 h ( Fig. 3A) . Blood lactate increased almost 4-fold after 15 min of hypoxia (P < 0.05), but recovered and remained normal by 2 and 6 h of hypoxia (Fig. 3B ). These changes suggest acute energy stress. Muscle lactate levels showed no changes after 15 min or 2 h of hypoxia exposure (Fig. 4) , suggesting a relatively stable metabolic state in skeletal muscles during acute hypoxia.
Numerous transcriptional changes were observed after 2 and 6 h of hypoxia in skeletal muscles
We performed expression analysis using RNA-seq on skeletal muscle from control normoxic mice and animals exposed to 2 and 6 h of hypoxia. After 2 h of hypoxia, 385 genes were significantly up-regulated and 383 were significantly down-regulated, and by 6 h 481 genes were significantly up-regulated while 302 were significantly down-regulated. The complete list of differentially expressed genes is in supplemental Data S1 in Supporting information. We used RT-PCR to validate several genes identified by RNA-seq including: Inmt, Chac1, Hif3a, Hes1, Foxo1, Pdk4 and Hspa1b. The fold-changes of these transcripts detected by RT-PCR were all comparable to those detected by RNA-seq (Fig. 5 ). Among these differentially expressed genes, ß20% were common to both 2 and 6 h of exposure; of these, only two genes were counter-regulated. A large number of genes were uniquely changed in response to either 2 or 6 h of hypoxic exposure (Table 3) . Of the 98 genes that decreased significantly by more than 50% in the first 2 h, over 90% have an mRNA half-life longer than 2 h (Fig. 6) , suggesting the involvement of post-transcriptional regulation (see supplemental Data S2 in Supporting information). A tissue mapping analysis of the transcriptome correctly identified the RNA source as skeletal muscle. We also Differentially expressed genes (P < 0.01) after 2 and 6 h of hypoxia compared with normoxic controls. Down, decreased gene expression; Up, increased gene expression; NC, no significant change.
found a weak match to embryonic tissue, which is constitutively somewhat hypoxic. Tissue mapping results are summarized in supplemental Figure S1 in Supporting information. Alternative splicing analysis identified 589 alternative splice sites in 2 or 6 h of hypoxia, among which 59 sites were altered in both 2 and 6 h of hypoxia. Detailed results are given in supplemental Data S3 in Supporting information.
Hierarchical clustering and functional annotation analyses revealed a shift of genes associated with extracellular matrix to nuclear lumen between 2 and 6 h of hypoxia Hierarchical clustering of samples distinguished three experimental groups (normoxic control, 2 h hypoxia, and 6 h hypoxia), consistent with our study design (columns in Fig. 7A ). Hierarchical clustering of genes (rows in Fig. 7A ) revealed four identifiable temporal patterns for all differentially expressed genes, which we describe as the fast up-regulated, fast down-regulated, slow up-regulated, and slow down-regulated clusters, each containing 330-450 genes. The complete list of genes in each cluster is given in supplemental Data S4 in Supporting information. Functional annotation analysis of these sub-clusters indicated differential enrichment of gene changes between 2 and 6 h of hypoxia. Cell component analysis indicated that the fast down-regulated cluster was significantly enriched with genes associated with the extracellular matrix, while the slow up-and down-regulated clusters were significantly enriched with genes associated with the nuclear lumen compartment. We constructed a tree to refine the structure of these cell components according to QuickGO (Fig. 7B ). Enrichment analysis of biological process GO terms highlighted significant enrichment of genes involved in extracellular matrix organization in the fast down-regulated cluster and significant enrichment of genes associated with RNA metabolic processes in the slow down-regulated cluster. Functional annotation clustering based on protein family (InterPro) identified laminin G and glutathione S-transferase as significantly overrepresented (Fig. 7C) . C2H2-like zinc finger proteins which include ARE-binding proteins such as the post-transcriptional regulators BRF1 and TTP were identified in the slow down-regulated cluster. Even though the fast up-regulated cluster and the slow up-regulated cluster contained 409 and 387 genes, respectively, little enrichment was found in these two up-regulated clusters, suggesting that the transcriptional up-regulation were relatively dispersed. Genes encoding collagen were identified as the most significant down-regulated group, and genes encoding glutathione S-transferase were identified as the most significant up-regulated group. Detailed results of the functional annotation analysis are available in supplemental Data S4 in Supporting information.
PI3K-Akt signalling pathway was identified as a nodal role by pathway analysis and pathway-based hub gene analysis
KEGG pathway analysis of differentially expressed genes identified 76 pathways after 2 h of hypoxia and 43 pathways after 6 h. The complete list is available in supplemental Data S5 in Supporting information. The focal adhesion pathway and the splicesome pathway were identified as the most significant at 2 and 6 h of hypoxia, respectively. Metabolic pathways were transiently enriched after 2 h of hypoxia, but much less so by 6 h. Signalling pathways such as PI3K-Akt, MAPK and AMPK were enriched in the differentially expressed genes at both 2 and 6 h of hypoxia. Analysis of splicing variants also suggested enrichment of PI3K-Akt signalling molecules.
Hub gene analysis based on the KEGG pathways identified 120 hub genes at 2 h and 62 hub genes after 6 h of hypoxia (supplemental Data S6 in Supporting information). Pik3ca, Pik5k1a, Inpp5k, Foxo1, Prkag3, E2F3, Tgfb2, Bcl2, Bmp4, Plcd4, Kras, Hspa1a and Hspa1b were common nodes at both 2 and 6 h. They tend to be highly concentrated in PI3K-Akt signalling networks including the insulin signalling pathway, the FoxO signalling pathway and especially the phosphatidylinositol pathways, which are all interconnected. For example, Pik3ca encodes the PI3K catalytic sub-unit, while Pik5k1a and Inpp5k encode proteins regulating PI3K metabolism. Foxo1 encodes PI3K's downstream target FoxO and Kras encodes PI3K's upstream target Kras. In contrast, the well-known hypoxia transcription factor HIF only showed a decreased expression in Hif3a at 6 h of hypoxia. Figure 8 visualizes changes in gene expression related to the PI3K-Akt signalling pathway. Genes relevant to stress such as Hspa1a, Hspa1b, IRS1, and LKB1 changed expression levels quickly. We mapped differentially expressed genes in the PI3K-Akt-mTOR pathways to visualize these gene changes and their relationship with PI3K-Akt (supplemental Figure S2 in Supporting information).
Akt and BRF1 were deactivated in skeletal muscle in vivo during acute hypoxia
Phosphorylation states and protein levels of signalling molecules in the enriched pathways were evaluated by Western blots (Fig. 9) . No significant changes were detected in the abundance of Akt, AMPK, ERK, JNK, or p38 following either 2 or 6 h of hypoxia. Most kinases from MAPK signalling pathway such as ERK and JNK were not changed their phosphorylation ratio in both 2 and 6 h of hypoxia, except for a decrease in p38 phosphorylation after 6 h of hypoxia. However, Akt phosphorylation at Ser473 was significantly decreased by ß75% (P < 0.05) in muscles of mice exposed to 2 h of hypoxia (P < 0.05), and by ß55% in muscles of mice exposed to 6 h of hypoxia. The phosphorylation ratio of BRF1 measured by IP experiments indicated a consistent decrease with Akt in 2 h of hypoxia as shown in Fig. 10 .
mRNAs regulated by PI3K-AKT phosphorylation were enriched after 2 h of hypoxia and can be partially explained by the deactivation of BRF1
Since FoxO transcription factors are regulated by Akt phosphorylation (Kashii et al. 2000; Brownawell et al. 2001; Woods et al. 2001; Huang et al. 2005) , we analysed 72 experimentally validated FoxO target genes (van der Vos & Coffer, 2011) and found 16 and 10 genes that were differentially expressed after 2 and 6 h of hypoxia, respectively (P values = 1.7 × 10 −6 and 0.007, respectively), suggesting an enrichment of FoxO targets. However, only about 50% of these genes changed in the direction reported by previous studies (supplemental Data S7 in Supporting information), casting doubt on the role of FoxO in regulating expression in our study.
PI3K phosphorylation has been reported to regulate rapid degradation of mRNAs in cell lines (Terragni et al. 2008) . Among 50 genes that were identified by these investigators to be down-regulated within 2-4 h of PI3K inhibition in a human glioblastoma cell line and subsequently studied (Graham et al. 2010) , 37 were detected in our mouse skeletal muscle samples (Table 4 ). An enrichment of these genes was observed in differentially expressed genes in 2 h of hypoxia (enrichment P = 0.018 by Fisher's exact test), where 12 of these genes were up-or down-regulated with a P value < 0.05 and an additional 4 genes were differentially expressed with a P value between 0.05 and 0.1. In these 12 genes, most of them were down-regulated, and the two that were up-regulated (SCG5 and GOS2) were the only ones not having at least one copy of the pentameric AU-rich element 'AUUUA' in the 3ʹ-UTR as reported by Graham et al. (2010) . our functional annotation clustering analysis highlighted C2H2-like zinc finger proteins including TTP and BRF1. By comparing the targets of BRF1 and the genes regulated by PI3K-Akt inhibition, we found that changes in 9 of the above 12 genes could be explained by post-transcriptional regulation through BRF1 deactivation. Based on these results, we suggest that PI3K-Akt could regulate its gene targets post-transcriptionally during acute hypoxic exposure through its regulation on BRF1. Thus, we measured BRF1 phosphorylation and found a similar time course of phosphorylation that was also significantly decreased after 2 h of hypoxia. This observation is consistent with a linkage between PI3K-Akt and BRF1. Therefore, we suggested that hypoxic exposure deactivates PI3K-Akt leading to reduce phosphorylation of BRF1, thereby increasing the degradation of its mRNA targets and reducing their transcript levels within 2 h. Interestingly, all 10 of these genes which were significantly down-regulated after 2 h of hypoxia had recovered to normal levels by 6 h of hypoxia, suggesting a transient stress response.
Examining the enrichment of microRNA targets among differentially expressed genes predicted 15 potential microRNAs after 2 h and 10 after 6 h of hypoxia (supplemental Data S9 in Supporting information). All members of the miR-29, including miR-29a, miR-29b and miR-29c, were predicted as potential regulators of gene responses following 2 h of hypoxia. However, RT-PCR of miR-29a, miR-29b, and miR-29c did not confirm significant changes in expression of these microRNAs at either 2 or 6 h of hypoxia (data not shown), casting doubt on the significance of these microRNAs in this setting.
We also investigated the enrichment of HIF's gene targets. Among 500 reported HIF targets, 77 and 70 genes changed their expression levels in 2 and 6 h of hypoxia respectively, leading to P values of 0.88 and 0.92, respectively (supplemental Data S7 in Supporting information). Thus, HIF targets were not enriched in the transcriptional responses to hours of hypoxic exposure. Additionally, similar to FoxO, ß50% of mapped HIF targets had an opposite changes to those reported in earlier studies. . Western blot analysis of selected signalling molecules and their phospho-proteins Plantaris muscles were collected from C57BL/6 mice exposed to normoxia (n = 3), 8% O 2 for 15 min (n = 2), 2 h (n = 3) or 6 h (n = 3). The abundance and relative phosphorylation levels of AMPK, Akt, ERK, p38 and JNK were measured using antibodies with tubulin as the reference protein. A, Western blot results for pAkt, pP38 and pAMPK. B-D, statistical results for pAkt, pP38 and pAMPK. All values are means ± SD. * Significantly different from normoxic control (P < 0.05).
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Discussion
In this study, we monitored the effects of acute hypoxia on physiological responses, including respiration, blood glucose, and blood gases, and skeletal muscle transcriptomic responses in mice after acute (2 h) and sub-acute (6 h) exposure to 8% O 2 . Respiration, arterial O 2 and CO 2 partial pressures, and glucose all declined after 15 min of hypoxia and then remained stable through 6 h of hypoxia. The increase in blood glucose and blood lactate in the first 15 min of hypoxia might suggest an induced energy stress. The transcriptional profile changed while blood gases remained relatively stable during 6 h of hypoxia. Numerous genes associated with the extracellular matrix were down-regulated by 2 h of hypoxia, while significant numbers of genes associated with the nuclear lumen compartment were differentially expressed after 6 h of hypoxia. This might suggest a time-dependent transcriptional shift from extracellular lumen to nuclear lumen during acute hypoxia.
Many studies have suggested roles of signalling pathways in functional regulation during hypoxia. In this study, pathway analysis of differentially expressed genes enriched after 2 and 6 h of hypoxia suggested that the PI3K-Akt signalling pathway might play a nodal role. Analysis of genes targeted by PI3K-Akt indicated a significant enrichment in 2 h of hypoxia, where 75% of changes on PI3K-Akt gene targets could be explained by a deactivation of ARE-binding protein BRF1, which could be regulated by PI3K-Akt. The measurements of Akt and BRF1 phosphorylation confirmed consistent decreases in both Akt phosphorylation and BRF1 phosphorylation. These results suggest that the energy stress-sensitive PI3K-Akt signalling pathway plays a role in transcriptional responses induced by acute hypoxia in skeletal muscles, partially through the dephosphorylation of ARE-binding protein BRF1. Plantaris samples were collected from normoxia (n = 10), 15 min (n = 10), 2 h (n = 9) and 6 h (n = 3). All values are means ± SD. * Significantly different from normoxic control (P < 0.05).
Our physiological measurements were consistent with stable blood oxygenation after the first 15 min of hypoxic exposure during the 6 h period of hypoxia in which the transcriptional profiling was changing. We assessed total O 2 consumption by measuring blood P aO 2 and P aCO 2 . These levels decreased in response to hypoxia and remained fairly constant between 2 and 6 h of exposure, suggesting that tissue O 2 consumption stabilized shortly after hypoxic onset. Lactate levels in the muscles indicated no change between 2 and 6 h of hypoxia, suggesting a relatively stable metabolic state. Though hypoxia-induced oxidative stress had been reported to stimulate transcriptional responses in cells exposed to reactive oxygen species (Hu et al. 2015) , Katzeff et al. noted that extreme hypoxia, (P O 2 <5 mmHg) was required to induce oxidative stress rapidly in skeletal muscles (Katzeff et al. 1981) . Mice exposed to hypobaric 8% O 2 can survive for days or longer, and the measured P aO 2 was not consistent with such severe hypoxia. We did, however, observe transcriptional responses in our hypoxic exposure, some of which were relevant to hypoxia stress. For example, genes encoding heat shock proteins (HSPs) were significantly down-regulated during 2 and 6 h of hypoxia. HSPs are well known to respond to hypoxia via HSFs by preventing the dephosphorylation of Akt . Irs1 (upstream of PI3K-Akt), which can be depressed by NO signalling in hypoxia (Sugita et al. 2010) , was significantly down-regulated after 2 and 6 h of hypoxia. Since PI3K-Akt was a common contributor in these responses, this suggested that PI3K-Akt signalling might mediate some of the observed transcriptional responses in the early stage of hypoxic stress.
Because blood gases and metabolites change rapidly upon exposure to hypoxia, we measured these parameters after 15 min of hypoxia. Since much less was known about the time course of immediate transcriptional changes during acute hypoxia in vivo, we based our choice of 2 h for the earliest mRNA measurements on published mRNA half-lives (Sharova et al. 2009 ) and on previous short-term studies of transcriptional changes during acute hypoxia that were mostly measured in vitro or in lower model organisms. Azad et al. (2009) reported ß160 differentially expressed genes in Drosophila subject to 1% hypoxia for 2.5 h. Kim et al. (2010) reported about 240 differentially expressed genes in isolated myocytes subjected to 0% O 2 for 2 h. Wollen et al. (2014) found 60-250 differentially expressed genes in a microarray study of hypoxia sensitive newborn mouse brains subjected to 8% O 2 for 2 h followed by 30 min re-oxygenation. We found no published studies of transcriptomic responses to durations of hypoxia shorter than 2 h. This is not surprising given the reported half-lives of mRNA. In an analysis of nearly 20,000 non-redundant genes by microarray analysis of RNA from mouse embryonic stem cells, Sharova et al. (2009) reported a median estimated half-life of 7.1 h and found fewer than 100 genes with half-lives shorter than 1 h. Therefore, we concluded that 2 h would be close to the shortest exposure to hypoxia for which we could expect to detect significant transcriptome-wide expression changes and 6 h would be sufficient time to detect the initial responses of slower genes. Previous hypoxia studies had widely reported an insulin resistance induced by hypoxia (Oltmanns et al. 2004; Lee et al. 2013) . Baum et al. had indicated that 30 min of 8% O 2 induced insulin resistance in dogs (Baum et al. 1979) , which might be due to a decrease in Akt activity (Shao et al. 2000; Saltiel & Kahn, 2001) . A potential explanation of the decreased Akt activity could be the increased generation of NO during hypoxia, since NO could degrade IRS1 and hence depress Akt activity (Sugita et al. 2010) . In this study, we observed a decreased Akt phosphorylation in skeletal muscles from mice exposed to hypoxia for 2 h (Fig. 9 ). This fact suggested that skeletal muscles J Physiol 595.17 could contribute to an occurrence of insulin resistance in hypoxic events. In obstructive sleep apnoea (OSA) patients, an increased insulin resistance was observed which might be associated with OSA-mediated hypoxic events (Drager et al. 2015) . Similarly, insulin resistance was also observed in asthma and chronic obstructive pulmonary disease (COPD) which could induce hypoxia (Arshi et al. 2010; Wells et al. 2016) .
Though transcriptional profiles of skeletal muscles under acute hypoxia have not been reported previously, transcriptomes from earlier studies of acute ischaemia and chronic hypoxia in skeletal muscle were available for comparison with our current results. We reanalysed expression profiles measured by Lee et al. (2004) in adductor muscles from mice following a femoral artery ligation after 6 h and 14 days. They only found about 60 differentially expressed genes by 6 h of ischaemia 20% of which overlapped with our differentially expressed genes at 6 h of hypoxia, suggesting significant differences between acute in vivo hypoxia and acute in vivo ischaemia. These differences were also seen in Kim's study in which only three up-regulated genes were conserved among differentially expressed genes identified from in vivo ischaemia and in vitro hypoxia experiments (Kim et al. 2010) . Interestingly, all of these three genes were downregulated in our study, suggesting differences between in vitro hypoxia and in vivo hypoxia. There were even fewer overlapped genes between the present study and studies using other hypoxia-sensitive tissues such as kidney and liver (Dolt et al. 2007; Grigoryev et al. 2013) . Wollen et al. (2014) measured expression profiles in the brains of neonatal mice exposed to 8% O 2 for 2 h followed by 30 min re-oxygenation. In contrast to our findings, the expression of only 29 genes were identified as significantly altered. Although this may partially reflect recovery during the re-oxygenation period, their results are remarkably different in scale to the present results.
Numerous significant changes in gene expression were seen as early as 2 h of hypoxia exposure. Although there were a similar number of differentially expressed genes in 2 and 6 h of hypoxia, only ß20% of them were common to both time points, suggesting a temporal feature of transcriptional changes. In order to understand the potential regulatory mechanisms of these changes, we performed analyses on transcription factors such as HIF and FoxO, microRNAs such as miR-29 and kinases. HIF is known as the primary regulator of hypoxic adaptation. One hour of systemic exposure to 6% O 2 was sufficient to increase HIF-1α protein level in skeletal muscles (Stroka et al. 2001) . Thus, we analysed the enrichment of HIF targeted genes, and found that HIF targeted genes were not enriched in our differentially expressed gene sets, either 2 or 6 h of hypoxia. This suggests that after only hours of hypoxia, HIF may not be a dominant regulator of gene expression. Though FoxO targets were enriched in our gene responses, only ß50% of genes responded in the expected direction, casting doubt on a regulatory role for FoxO in the observed early gene changes. We noticed that the half-lives of most acutely down-regulated genes were typically longer than 6 h (Sharova et al. 2009; Geisberg et al. 2014) , suggesting the involvement of rapid regulatory mechanisms such as microRNA. A microRNA prediction based on our differentially expressed genes yielded miR-29a, miR-29b, and miR-29c as candidate regulators, but no significant changes in the expression of these microRNAs after either 2 or 6 h of hypoxia was detected. Kinase activity had been reported as a post-transcriptional regulator of gene expression by ARE-binding proteins which could regulate transcript degradation and stability (Day & Tuite, 1998) . A significant decrease in Akt phosphorylation was observed by 2 h of hypoxia. So we considered interactions between RNA-binding proteins (BP) and genes with AU-rich elements (ARE) in their 3ʹUTRs, where ARE-binding proteins such as BRF1 have been identified as targets of Akt (Day & Tuite, 1998; Graham et al. 2010; Bollmann et al. 2014; Hausburg et al. 2015) . We confirmed that BRF1 phosphorylation was significantly decreased after 2 h of hypoxia in mouse skeletal muscle following a time course similar to that of Akt phosphorylation. An analysis of genes targeted by PI3K-Akt phosphorylation indicated a significant enrichment of differentially expressed genes that were mostly down-regulated. Further analysis on BRF1 gene targets indicated that 75% of these PI3K-Akt targets overlapped with the targets of BRF1. These results suggest that PI3K-Akt signalling might mediate some of the early responses to acute hypoxia by decreasing BRF1 phosphorylation, thereby increasing mRNA degradation rates.
Summary
Transcriptomic profiles of murine skeletal muscle showed that short durations of 8% O 2 in vivo triggered rapid and abundant changes in gene expression, characterized by an enrichment in extracellular matrix genes and nuclear lumen genes in 2 and 6 h of hypoxia, respectively. Most of these earliest responding genes had half-lives significantly longer than 2 h, suggesting the involvement of post-transcriptional regulation. Though enrichment analysis of genes targeted by HIF or FoxO could not confirm a role of these transcription factors, pathway analyses suggested a significant role of PI3K-Akt signalling pathway during this time frame. We identified the ARE-binding protein BRF1 which could be phosphorylated by Akt as a likely mediator. Both our experimental measurements and bioinformatics analyses support a role of PI3K-Akt signalling via BRF1 in gene responses induced by acute hypoxia in this study. These results suggest that the PI3K-Akt signalling pathway might play a role in gene down-regulation induced by acute hypoxia in skeletal muscles, partially through the dephosphorylation of ARE-binding protein BRF1.
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